The complex function of memory has been linked to both brain gray and white matter (WM). WM abnormalities are associated with memory impairment in pathological conditions. We investigated whether variation in WM microstructure in healthy children also correlates with memory performance. METHODS: Sixty-five 7.5 to 8.5-year-old healthy children had a brain MRI scan using diffusion tensor imaging (DTI). They were also assessed for memory performance using the Children's Memory Scale (CMS). Eight indices that evaluate verbal and visual memory (immediate and delayed) were measured. DTI parameters reflecting WM microstructure, including fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD), and axial diffusivity (AD), were calculated and correlated with memory indices. RESULTS: Tract-based spatial statistics analysis showed multiple WM tracts in which DTI parameters correlated with CMS indices. Specifically, FA (a reflection of WM integrity) and RD values (a reflection of myelination) in multiple projecting, association, and commissural WM tracts correlated with verbal delayed index (P < .05, corrected for voxel-wise multiple comparisons). Also, FA values in several WM tracts, including superior longitudinal fasciculus and posterior corona radiata, positively correlated with delayed recognition index (P < .05, corrected). Region of interest analyses showed similar correlations between FA/RD and CMS scores in WM regions involving these tracts and additionally in the cingulum, and detected additional MD-CMS correlations in several regions.
Introduction
Memory is a complex process involving the encoding, storing, and retrieving of information. Sensory inputs are first temporarily represented as sensory memory, which may then be passed on, and maintained in working memory, before being further encoded and stored in long-term memory. 1 Longterm memory can be divided into declarative and procedural memory. 1 Declarative memory can be further subdivided into episodic memory-the memory of autobiographical events, and semantic memory-the memory of facts. 1 Memory can be further classified into visual/nonverbal and auditory/verbal memories. Many brain regions, including medial temporal lobe, hippocampus and related structures, striatum, amygdala, cerebellum, and cerebral cortices, are involved in different memory functions. [1] [2] [3] [4] While gray matter presumably stores and processes memory, white matter (WM) also may play an essential role in memory functioning. In fact, studies have linked WM integrity and cognitive functions, including working memory, in both children and adults. 5, 6 Neuropsychologists use a variety of diagnostic tools to evaluate memory function in children, and one of them is Children's Memory Scale (CMS). CMS has been widely used as a standard neuropsychological assessment of memory and learning in children (5-16 years) . 7 Index scores are calculated from CMS subsets to obtain clinically relevant information about auditory/verbal memory, visual/nonverbal memory, attention/concentration, and learning functions. On the other hand, diffusion tensor imaging (DTI) has been used to study the associations between WM microstructure and cognitive functioning in children with various pathological conditions such as temporal lobe epilepsy and traumatic brain injury. [8] [9] [10] Fractional anisotropy (FA) is one of the most commonly used DTI parameters, and is a quantitative measure of the directionality of diffusion of water molecules, calculated by the three diffusion eigenvalues derived from the diffusion tensor. 11 FA has been extensively used to evaluate brain WM because of its high sensitivity for detecting subtle abnormalities in WM microstructures. Moreover, other measures derived from DTI, such as mean diffusivity (MD)-reflecting average water diffusion (calculated as the mean of the three eigenvalues) within a voxel, axial diffusivity (AD)-diffusivity along the principal axis (the largest eigenvalue of the three), and radial diffusivity (RD)-the average of diffusivities in the two minor axes (calculated as the mean of the two smaller eigenvalues) can provide more specific information about WM microstructural integrity, that is, AD may be a reflection of axonal integrity, while RD may be a reflection of myelination. 12 WM integrity and proper connectivity between different memory-related regions are crucial for efficient information transmission and processing. 13 However, few studies have investigated the relationship between WM integrity and memory test performance in typically developing children. 14, 15 Memory assessment could be especially important in early school years (5-8 years) for early detection of learning difficulties. As structural brain alterations may precede the functional outcome, understanding the WM and memory performance structural-functional relationship may aid in the earlier diagnosis of learning difficulties. Besides, the sensitivity of DTI in measuring subtle WM alterations may also assist in the prediction of memory performance in later ages during childhood in case of early life incidents that potentially affect brain development. It may also provide a helpful tool for the follow-up of the effectiveness of behavioral interventions. In the current study, we aimed to explore correlations between regional WM microstructure as reflected by DTI parameters and CMS indices in healthy 8-year-old children. These correlations may include WM regions previously reported, such as the uncinate fasciculus, as well as other WM tracts that have not been identified in previous studies.
Methods Participants
Healthy children between 7.5 and 8.5 years of age were recruited for the study, and had a magnetic resonance imaging (MRI) scan at Arkansas Children's Hospital and a CMS test at Arkansas Children's Nutrition Center. The study protocol was approved by the Institutional Review Board of the University of Arkansas for Medical Sciences as a part of our study identified by ClinicalTrials.gov NCT00735423. Appropriate consent and assent were obtained from parents and children before enrollment. Inclusion criteria included: children with no medical diagnosis or known condition potentially impacting memory function, parental report of full-term gestation, birth weight as well as current weight between the 5th and 95th percentile for age, English as the primary language in the household, and right-hand dominance (assessed by Edinburgh Handedness Inventory). In total, 65 subjects (30 boys and 35 girls) completed both MRI and CMS measurements. The demographic information for subjects is included in Table 1 . Exclusion criteria included: children of mothers with extensive alcohol, tobacco, drug use, and psychotropic medications during pregnancy; children with sleep disorders (assessed by the Children's Sleep Habits Questionnaire and screening questions); illnesses or chronic diseases that may affect brain function or neuropsychological measurements; psychological/psychiatric diagnosis or neurological impairment/injury; history or current use of anticonvulsant, stimulant, or mood stabilizing medications; and history or current use of remedial special education services.
MRI Data Acquisition
All MRI scans were performed on a 1.5 Tesla Achieva MRI scanner (Philips Healthcare, Best, Netherlands). The built-in body coil was used as the transmitter and a standard 8-channel SENSE head coil was used as the receiver. A single-shot spin echo-planar imaging (EPI) sequence with diffusion weighting gradients in 15 uniformly distributed directions was used to acquire DTI data. Detail information of the diffusion gradients used are listed in Table 2 . Other parameters for the DTI sequence included 5,135 milliseconds repetition time, 66 milliseconds echo time, 220 × 220 mm field of view, 2 × 2 × 3 mm voxel size, 128 × 128 reconstruction matrix size, 34 contiguous axial slices, 2 averages, and a maximum b value of 800 s/mm 2 . Motion artifact was assessed by scrolling through the raw diffusion-weighted images for apparent artifacts and for displacement between images and by checking the color FA maps generated by the scanner, which will show abnormal color patterns for subjects with excessive motion.
CMS Test
The CMS test was administered by licensed psychological examiners. Memory functioning in different domains was measured, including immediate and delayed visual/nonverbal memory (dot locations and faces subsets), immediate and delayed auditory/verbal memory (stories and word pair subsets), and attention/concentration (numbers and sequences subsets). Learning and delayed recognition indices were obtained from related scores of corresponding subsets, and the general memory index was calculated by the sum of scaled scores of visual and verbal memory (immediate and delayed).
Imaging Data Postprocessing
Raw MRI images were exported to a workstation with FM-RIB Software Library (FSL) installed on a VMWare Virtual Machine for postprocessing of the DTI data and calculation of DTI parameters. After correction for eddy current distortion using the FMRIB's Diffusion Toolbox and removal of nonbrain tissue using the Brain Extraction Tool, the DTIFIT tool in FSL was used to compute diffusivities from the diffusion tensors and to generate FA, MD, AD, and RD parameter maps for each subject. All FA images were then nonlinearly aligned to each other, and the most typical FA dataset (defined as requiring least total warping for all subjects) computed by the TBSS tool was chosen as the target, and subsequently, all other FA datasets were registered to this target. Aligned FA images were then averaged to create a mean FA map, and fed into the skeletonization program to create a WM skeleton using a threshold of FA >. 2. Using the same transformation matrix, other DTI parameter maps for each subject (MD, RD, and AD) were also skeletonized and aligned to the WM skeleton for further statistical analysis. The Randomize tool in FSL was then used to evaluate the correlation between DTI parameters and CMS test scores. Also, JHU-ICBM-DTI-81 WM labels atlas was used to create masks to define WM regions of interest (ROIs) for further analysis. 16 ROIs were selected based on the voxel-wise TBSS results of correlations between CMS test scores and regional FA values. The atlas predefined ROIs were used to cover the WM regions and the average DTI parameters for the whole WM region were calculated.
Statistical Analyses
For randomization in the TBSS analysis, 5,000 permutations were used for each test of nonparametric correlation. 17 The threshold-free cluster enhancement option was used in the TBSS analysis to correct for family-wise error. 18 Voxels with statistically significant correlations (P < .05 after multiple comparison correction for the voxel-wise analyses) between DTI parameters and CMS indices were marked in color on the WM skeleton. All statistical analyses for the TBSS data were completed in FSL. For the ROI analyses, Pearson correlation tests were used to assess relationships between average DTI parameters in the selected ROIs and each CMS index for all subjects. Correlation coefficients were calculated and P < .05 was defined as significant. Additional multiple comparison correction was tested using Bonferroni Correction for the eight CMS indices (uncorrected P < .00625 = .05/8 [8 number of tests] was defined as significant with multiple comparison correction). All statistical analyses for the ROI data were conducted using R statistical packages (version 3.4.2).
Results

CMS Test
For CMS indices, all scores were within the normal range. Mean and standard deviation of the eight CMS indices tested are presented in Table 1 .
TBSS Analyses
The TBSS analysis revealed widespread WM tracts with DTI parameters significantly associated with the verbal delayed index (Fig 1) . The scores were positively correlated with FA values (P < .05, corrected for the voxel-wise multiple comparisons) and negatively correlated with RD values (P < .05, corrected) in these WM tracts. No significant correlations with MD or AD were observed. Regions involving the following WM tracts showed clusters with significant correlations between verbal delayed index and FA: left/right anterior and posterior limb of internal capsule, left/right cerebral peduncles, left/right external capsule, fornix, left anterior and superior corona radiatae, left uncinate fasciculus, and genu of corpus callosum.
Another CMS index that showed significant correlation with WM microstructural integrity measured by DTI was the delayed recognition index (Fig 2) . 
ROI Analyses
In addition to the TBSS analysis, which evaluates the WM skeleton, WM regions showing a portion of voxels in the skeleton with significant correlation between FA values and memory test scores in the TBSS analysis were selected for the additional ROI analyses. Furthermore, we also added ROIs that are commonly regarded as involved with memory function in older children and adults, including right and left cingulum, fornix, SLF, right and left hippocampus; even if TBSS analysis showed no significant voxels in these regions. The average DTI parameters for the whole WM regions were used in these analyses. ROIs that showed significant correlations are reported and an illustration of these ROIs is shown in Figure 3 . Nine ROIs showed a positive correlation (P < .05) between average FA values of the whole WM region and verbal delayed index scores (Fig 4) , including the left and right cerebral peduncle, the left and right posterior limb of internal capsule, the right anterior limb of internal capsule, the left external capsule, the left anterior corona radiatae, the right cingulum, and the genu of corpus callosum. Seven ROIs showed a negative correlation (P < .05) between average RD values of the whole WM region and the verbal delayed index (Fig 5) , including the left and right cerebral peduncle, the left and right anterior limb of internal capsule, the left and right posterior limb of internal capsule, and the left external capsule. Three ROIs showed a negative correlation (P < .05) between average MD values of the whole WM region and the verbal delayed index (Fig 5) , including the left cerebral peduncle, the right anterior limb of internal capsule, and the right posterior limb of internal capsule. For the delayed recognition index, two ROIs showed a positive correlation (P < .05) between average FA values of the whole WM region and the CMS scores (Fig 6) , including the left posterior corona radiatae and right SLF. After the use of the very conservative Bonferroni Correction for multiple comparisons, significant correlations are still noted in five out of the nine ROIs in the correlations between FA and verbal delayed index; four out of the seven ROIs in the correlations between RD and verbal delayed index; and one out of the three ROIs in the correlations between MD and verbal delayed index. 
Discussion
The findings of our study demonstrate significant correlative relationships between WM microstructures and performance in memory function tests in healthy children. These relationships were observed for delayed verbal memory and delayed recognition CMS indices. Increased FA and decreased RD were associated with higher scores in the verbal delayed index. Increased FA was associated with higher scores in the delayed recognition index. Brain regions that had FA/RD values correlating with the delayed verbal index included a wide range of WM tracts. A few different WM regions had FA values correlating with delayed recognition. FA is a sensitive indicator of WM integrity and reflects various characteristics of the underlying microstructure, that is, myelination, axonal membrane integrity, density, and diameter of axons that form fiber tracts. While high anisotropic diffusion (and therefore, high FA values) in WM does not always mean better WM function, higher FA values in general corresponds with WM maturation during normal brain development. 19 In addition, RD is a putative marker of WM myelination. 12 In our study, increased FA and decreased RD, but no changes in AD were significantly correlated with higher CMS scores, suggesting that better myelination is likely the underlying mechanism associated with better memory function in some children. This is in line with the previous studies suggesting increased myelination of WM tracts as a possible explanation of enhanced cognitive function in healthy children. 13, 20 
Reported Associations between WM and Verbal Memory
In previous studies, the arcuate fasciculus and the SLF were found to be related to verbal working memory and verbal fluency. 6, 21, 22 Correlation between brain imaging findings and verbal working memory has previously been documented in children with different pathological conditions, for example, following traumatic brain injury or in temporal lobe epilepsy. 8, 23 In addition, two previous studies have shown correlations between WM and verbal memory proficiency in healthy children. 14, 15 In older children and adolescents, Mabbott et al. showed that auditory/verbal memory is related to left uncinate fasciculus, parietal, and cerebellar WM microstructural integrity, measured by different DTI parameters.
14 In another study, Schaeffer et al focused on the role of the uncinate fasciculus in verbal memory proficiency; 15 suggesting that greater myelination and cohesiveness of axonal fibers in the uncinate fasciculus corresponded with higher verbal memory proficiency in 8 to 11-year-old children.
Verbal Delayed Memory and Projecting Fibers in WM
Although global alterations in WM development could be the reason for the observed significant correlations in our study, correlations in specific tracts may also be explained by the specific function of these structures. In our study, delayed verbal memory was significantly associated with WM microstructure in projecting fibers, including the anterior and posterior limbs of the internal capsule, the cerebral peduncles, and the corona radiata. These WM structures contain several afferent and efferent tracts that connect the cerebral cortex and subcortical brain structures such as the thalamus, brain stem nuclei, and the cerebellum. The thalamus and cerebellum play an important role in language and memory. 24, 25 There is also growing evidence indicating the involvement of the cerebellum in verbal working memory and language development. 26 Therefore, these observed correlations may be associated with the imperative role of these projecting fibers in the communication between the cerebral cortex and these distant subcortical structures. Similar to our findings, a positive correlation between memory and the posterior limb of the internal capsule was reported in children with congenital heart disease. 27 In fact, severe verbal memory impairment was frequently reported, since decades ago, in cases of isolated stroke affecting the posterior limb of the internal capsule in adult patients. 28 There are also possible interactions among verbal fluency, language development, and auditory/verbal memory capacity. Some of the WM tracts that were correlated with verbal memory in our study (eg, the cerebral peduncles and limbs of internal capsule), while not being the most representative WM tracts involved in language, were also altered in children with speech production disorders such as developmental stuttering. 29 These findings suggest that children with higher verbal fluency and better language development may exhibit higher scores in auditory/verbal memory indices. This is also in line with a previous study that correlated memory and language impairment in patients with temporal lobe epilepsy. 8 
Verbal Delayed Memory and Commissural/Association Fibers in WM
Other WM regions that were correlated with delayed verbal memory included the right cingulum, external capsule, and genu of corpus callosum. ROI analysis showed that mean FA values in the right cingulum positively correlated with verbal delayed index although TBSS analysis did not show this correlation; presumably due to the limitation of skeletonized analysis. The cingulum is known to have WM fibers that connect the cingulate cortex with parahippocampal cortex facilitating the communication between different parts of the limbic system; well known for its role in memory functioning. The left external capsule showed more voxels with significant correlation than the right external capsule. This observation could be related to language lateralization in the left dominant hemisphere, although additional tests will be needed to confirm this. The external capsule contains association fibers that connect distant cortical regions. For example, the uncinate fasciculus passes through the external capsule and was previously found to be associated with verbal memory. 14, 15 Inferior frontooccipital fasciculus fibers also pass through the external capsule and have been reported to be associated with verbal memory in patients with temporal lobe epilepsy. 8 Consistent with literature findings, we also observed significant correlations between increased FA and decreased RD in the left uncinate fasciculus with an increased verbal delayed index using the TBSS analysis. On the other hand, the genu of corpus callosum contains commissural fibers that facilitate communication between the two hemispheres, specifically between the left and the right frontal lobes. In a previous study, corpus callosum WM microstructural integrity evaluated by DTI was found to be associated with verbal working and episodic memory in the healthy elderly population. 30 In that study, increased FA in the corpus callosum positively correlated with two verbal mnemonic functions. Therefore, the correlation between corpus callosum WM microstructure and delayed verbal memory is not surprising and may be related to its role in connecting memory regions in both hemispheres.
Delayed Recognition Memory and WM Development
WM microstructure development in several additional regions was associated with recognition memory that is remembering previously encountered events, as measured by the delayed recognition index. Increased FA in these regions positively correlated with delayed recognition index scores. This index can assist clinicians in determining whether impaired performance on the verbal delayed index is the result of an encoding/storage deficit or a retrieval deficit. Brain regions with WM microstructural integrity associations with delayed recognition index in our study were mostly in the parietal and frontal lobes. Frontal cortex has a known role in the retrieval of information in recall tasks. 31 The positive correlation of WM microstructural integrity with delayed recognition index, but not with verbal delayed index in these regions, may indicate that these regions may play a more important role in the retrieval of information from storage sites than initial encoding/storage of newly learned auditory/verbal material.
There are a few limitations of our study. First of all, variations in some CMS index scores were relatively small, which may have limited our ability to detect additional correlations that may also exist. This could explain why we were unable to identify significant relationships of WM microstructure with visual/nonverbal memory indices. Still, being able to detect significant structural-behavioral relationships in a cohort of healthy children argues for the sensitivity of DTI measurements in detecting subtle variations in cognitive function. Second, we studied DTI parameters in WM tracts and regions; the fiber tracts in cortical and deep gray matter regions, while not the focus of this study, may also be explored using DTI methods. Development of gray matter domains in these children certainly plays a vital role in memory functioning, but was not studied here.
In conclusion, our study is one of the few to demonstrate significant relationships between WM microstructures and memory test performance in healthy children. Our results highlight the sensitivity of DTI in detecting subtle WM alterations and the value of combining brain imaging and neurocognitive measures to build a more comprehensive brain function phenotype in children.
